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KATIOKAL AH7IS0HY FOB AEBOHAI3TICS 

BESEABCH MEMDBAHDDM 

raVESTIOATION TO DETESMIHB CONTRACTIOIT BATIO 
FOR SUPEESOHIC-COMPRESSOR ROTOR 
By Llnwood C. Tft*lgh.t 


SXIMMARY 

A method of applying the limltli^g contraction, ratio to obtain 
the majclmuiiL allowahle blade thlclmess of a tvo-dlmenslonal model 
of a supersonlc-compraseor rotor is jaropoeed. This method requires 
the location of the point on the rear of the blade entrance vhere 
the tangent line is parallel to the undisturbed relative flow 
velocity in rotor coordinates. A graphical procedure for approxi- 
mating this point with what is believed to be sufficient accuracy 
is presented. For a given blade spacing, the blade-passage area 
is then supposed to be simply a function of the blade thickness ar>d 
the sine of the angle between the stagger line and -Uie flow direc- 
tion. Experimental evidence that this supposition is reasonably 
accurate is presented adong with the suggestion that scane additional 
thickness me^ bo obtained by further turning of the stream in the 
supersonic region. In addition, the suggestion is made that the 
two-dimensional characteristic lines be constructed to Insure that 
no subsonic nor too- low supersonic regions result before the mini- 
mum section in the passage entrance frcsi reflected compreseion 
waves. 


BSTHODIKTIOir 

A logical result of effort to extend and to Improve the per- 
formance of axial- flow ccaipressors has been an increase in Interest in 
supersonic axial-flow compressors since 1942. A most premising 
approach is that first proposed in references 1 to 3. Supersonic- 
compressor rotor bladefe essentially comprise a series of gmall 
rotating supersonic diffusers whose function is exactly the same 
as that of conventional supersonic diffusers with Internal dif- 
fusion. Hence, it has been proposed at idle HACA Langley Field 
laboratory that the blade passages be considered as diffusers and 
designed on the basis of supersonic-diffuser data (references 1 
and 2). Reference 3 reports results obtained on a supersonic 
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compressor run in Freon-12 (a commerolal refrigerant). Use of 
Freon- 12 permitted operation with about one -fourth the stress 
resulting frcm operation in air at approximately the same Mach 
number and velocity diagram. 

A supersonic -con 5 )ressor inrestlgation is being conducted at 
the MCA Cleveland laboratory to prove the feasibility of operating 
supersonic ccmpressors in air and to continue reseeirch on the aero- 
dynamic problems. A coo^ireBSor rotor with the form of blading 
described in reference 1, but with larger blades, was designed for 
operation at approximately twice the rotor speed used in the investi- 
gation reported in reference 3. Preliminary blade -vibratl on checks 
Indicated that the vibrational stresses were so severe t2iat the 
combined vibrational and centrifugal, stresses might exceed the yield 
point of the blade material.. A more accurate examination of the 
factors governing the contraction ratio and the blade thickness was 
therefore required . 

The contraction-ratio expression Is reexamined, this time with 
consideration of the blade curvature. Eesults of ein experimental 
investigation made to determine the validity of this analysis are 
also presented. A cascade of five supersonic blades having the form 
and spacing for the blade-root (most critical) section of tne supersonli 
compressor rotor blades was constmcted and investigated for shock 
entry in an open-jet supersonic wind tunnel. The blade thickness 
giving the limiting contraction ratio, which was predicted for the 
design Mach number by the analysis, and three additional blade thick- 
nesses were used. A simple guide and an experimental substantiation 
are thus provided for the design of the thicknest practical supersonic- 
compressor blading of the type used in reference 3. 

The assumption that a two-dimensional analysis is permissible 
Is based on the hypothesis that a least approximate simple radial 
equilibrium cein be established before and maintained after the 
blade -contained shock by control of the Initial tangential -velocity 
distribution and the spanwlde distributions of the inlet Mach number 
and flow angle. 

A vibration investigation conducted simultaneously by the 
Stress and Vibration Section of the Cleveland laboratory will be 
reported separately. 
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SYMBOLS 

The following symbols are used In this repoorb: 

03 
03 

w A area 

a velocity of sound, feet per second 

Cjj contraction ratio, 

Cg ^ isentropic contraction ratio 

Cg limiting nonisentropic ccanpression ratio, Cg ^(^ 3 /^ 0 ^ 

d dimeter to given hlade section, inches 

M Mach number 

Mq free-stream Mach nuotber 

n number of hlades in ccanplete rotor 

' F total xaressure, pounds per sg.uare foot absolute 

tmay nwrimiTm blade thickness, inches 

V velocity, feet per second 

7 ratio of sx>ecific heat at constant xaressure to specific 

heat at constant volume 

p density, slugs par cizbic foot 

(p angle between oornigesBor axis and air velocity relative to 

rotor, degrees 

Subscripts: 

0 upstream stagnation conditions 

1 stagnation condition before shock (relative to rotor) 

4 2 static, car stream, condition (relative to rotor) 

3 stagnation condition after shock (relative to zrotor) 




e . 


enhrance 
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M at local Mach munher 

maz maximum 

m1n Tnlnlmiiin 

rot rotational 

The following point-location letters (fig. 1(b)) may also be 
used as subscripts: 

a point locating blade leading edge 

a' point locating blade leading edge adjacent to a 

b point locating blade maximum thickness 

f point locating blade trailing edge 

X origin (on blade convex, or rear, side) of expansion wave 

that Intersects point a* 


CASCADE CONTRACTION-RATIO THECffiY 

The adaptation of contraction ratio, one of the principal 
parameters governing conventlonal-supersonlc-dlffuser performance 
(reference l), to rotor blading cannot be acccsnpllshed through 
simple one-dimensional analysis. The use of this Important param- 
eter in cascade work was first attempted quantitatively in refer- 
ence 3. Figure l(a) shows the contraction ratio as defined by 
reference 3. For cascades with a stral^t entrance region (straight 
rear side of blade up to the minimum section) , this interpretation 
would be accurate. However, for a curved entreuioe region (convex 
blade reeir side, line axb, fig. 1(b)), the situation is sll^tly 
mere complex. From figure 1(b), it is obvious that expansion waves 
are given off along the blade surface if the flow follows the blade 
contour. When the magnitude 6f the velocity component normal to 
the stagger line is less than sonic, the mass flow, the direction 
of flow, and hence the contraction ratio Cg are fixed by these 
waves. Consequently, eui analysis considering these factors is 
necessary to compute an accurate value of the contraction ratio. 

The method offered determines the entrance and minimum areas 
used in finding the contraction ratio of a supersonic cascade in 
terms of blade thickness and flow direction. This method is applied 



HACA. EM Ho. E7L23 


5 


to tlades ■wiidi ounred enti«J3ce regions and reduces to tiiat shown in 
reference 3 and figure 1(a) when the hlade-entirance region is straight 
The method is further restricted to hlades of neeu^ly uniform curvatiire 


CaJLoulation of Minimum Area 

The 'blade-passage m-TnlTmTm area may "be computed from the angle 
(90° - cp)-jj between the tangent to the line abf (fig. 1(b)) at 
the majcimum- thickness point b and the stagger line^ the blade gap^ 
and the maximum blade thickness. The mlniimm] area is given very 
closely by the expression (itd/n) sin (90° - cp)^ - tma-r any 

blade section of mild ciorTature (fig. 1(a)). This area now ccr-' 
responds to Am-r-n (^lg« 1(c)) • question exists as to the 

minimum-area location, the cca^utations may be made for several 
points by rising the angle (90° - tp) and the thickness at the same 
point and selecting the smallest value for the minimum area. 


Calculation of Entrance Area 

In order to calculate the entrance area, it is necessary to 
find the point x along the entrance region of the blade at which 
the relative velocity, obtained from the vector addition of the 
rotational velocity ard. the undisturbed upstream velocity, is tangent 
to the blade. This point x determines the direction of the entrance 
flow and can be found from the curved-blade hypothesis proposed in 
reference 2. The hypothesis explains that in this type of blading 
(see reference 3) the flow is tangent, not to the blade leading 
edge^as in a blade of strai^t entrance region, but to~scme point x 
(fig. 1(b)). The blade will thus operate with an oblique shock from 
the rearward side of its leading edge followed by expansion waves. 

When the flow throu^ the wave configuration in front of a 
supersonic cascade of only slightly curved blades very closely 
approaches isentropic conditions and the rotor velocity is fixed, 
the angle of the undisturbed flow may be approximated as follows: 

A point X along the surface ab (fig. 1(b)) is selected to 
which the undisturbed flow is assumed talent in rotor coordinates. 
(This selection can be made if the flow is assumed Isentropic. ) 

If the flow direction relative to the blades, the rotational 
velocity, and the direction of the absolute velocity are known, 
the flow is entirely known from the vector triangle (fig, 1(b)), 
and the Mach line may be drawn at the point x. If this Mach line 
does not end at a • , another point x must be asstaned and the 
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Ma.oh line drawn as befoa:*e until the ijaoh. wave that Joins z to a' 

Is found. If this final point x Is known to he the point on the 
side of the blade at which the blade surface Is parallel to the 
undisturbed flow In rotor coordinates^ the flow conditions can be 
calculated. The deflection through the obllg.ue shook originating 
at the blade leading edge Is eq\ial to the angle between the tangent 
to the leading edge and the temgent at z. The sum of the expansion 
waves between a and x Is eg,ual In magnitude and opposite in sign 
to the leading-edge oblique shock. 

When the direction of the undisturbed- stream velocity relative 
to the blades, ((90® - cp)^., fig. 1(b)) is found, the entrance area, 
which in this analysis Is assumed to correspond to (fig. 1(c)), 

may now be compubed as (jtd/n) sin (90® - <p)j-. From figure 1(b), 
this sLrea may be seen to correspond to the ao'ea of the stream tube 
that will enter a single passage when It Is at the undisturbed 
entrance Mach number. 


Expression for Cascade Contraction Batlo 

After the entrance and mini mum area,B are found, the blade 
contraction ratio is given by 


^H,max 


•^mln 


^ Bln (90® - q>)^ 

~ sin (90® - qp)^ - t^-r 


( 1 ) 


This expression defines a limiting blade thickness for a given 
entrance Mach number, (90® - cp)^, and (90® - cp).jj, which agrees 
well with that determined frcm the stationary-model experiments 
(see section entitled EXPSQMEQTAL VERIFICATION) If the model Is 
set with the flew tangent to the oozrreot point x. 

As shown In refeirenoe 1, the actual maximum allowable dlffiiser 
contraction ratio Is obtained as follows: First the mass flow per 

unit area is conputed for the given entrance Mach number and Mach 
number 1 from the relation 


oV 

^0 


M, 



( 2 ) 
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Then the Isentroplc costiractlorL ratio la given as 





( 3 ) 


The laentroplo contraction ratio Cg muet now he multiplied hy 
the total-preasure z*atio acroaa a normal ahoolc at ^he entrance Mach 
number to get the actual limiting contraction ratio Cg jjax* 
total-preasure ratio ia given hy ’ 



(4) 


Eg.uatlon (3) is now simply multiplied hy eq.uation (4) to get the 
limiting contraction ratio for su:^ entremce Mach number. 


EXEEEJIMEHTAL TffilFICATIOH 

In order to verify the contraction-ratio analysis, a two- 
dimensional cascade was investigated in em open- Jet supersonic 
wind tunnel to find whether stipersonlo flow actually would enter 
the blade passage. Four contraction-ratio configurations includiisg 
the ccraputed critical ( tn^-r * 0.060) were used. 

Apparatus proo^ure. - A two-dimensional cascade of five 
ccasplete hleuies (fig. 2(a)) was machined without twist or radial 
variation of gap and instrumented with static-pressure orifices. 

The blades were cut first with a maxi mum thickness t^.^ of 
0.096 inch and remachined in successive steps to TnnYiTmim blade 
thickness of 0.072, 0.060, and 0.048 inch. At each step, investi- 
gations were made at a Mach number of 1.35 to check -^le computed 
critical contraction ratio. 

The entire Investigation was conducted at the HACA Clevelani 
laboratory in a 3-inch open- Jet wind tunnel designed specifically 
for this purpose (fig. 2(b)) with a set of nostle blocks designed 
for a Mach number of 1.35. The Jet was run by means of the 
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laboratory altltude-eschaust system; room air was drawn Into the 
52-lnch-Mgh exhauster chamber through the hoszles. The model was 
located in the large chamber as shown In figure 2(b). A valve In 
the exha\ister pipe was used to adjust the chamber pressure to egual 
the nozzle-exit pressure, thus eliminating either obllq,ue shocks or 
expansion waves of appreciable magnitude from the downstream end 
of the nozzles. 

Considerable caution was used In adjusting two-dimensional 
models to simulate exactly rotational experiments inasmuch as the 
upstream velocity In stator coordinates Is supersonic emd thereby 
prevents wave adjustment of the flow as In the rotating ccmpressor. 

Results and discussion. - Representative aerodynamic experi- 
mental results are given In the form of Mach number distribution 
(figs. 3 and 4). These Mach numbers are all based on the ratio of 
the observed local static pressure to the upstream total pressure; 
hence, the supersonic velocities given will be very nearly correct. 
The subsonic velocities will bo high, however, as no correction Is 
made for the total-pressure losses acccmpanylng diffusion from super- 
sonic to subsonic velocities. Basically, only two types of distri- 
bution exist — that In which the contraction ratio was too great 
for supersonic flow to enter the blade passages and that In which 
It was not. As this Investigation was conducted for the specific 
purpose of checking the limiting contraction ratio, no attempt was 
made to evaluate the blade pressure recovery. Hence, no Importeuace 
cem be attached to the q.uantltatlve measurements of the pressures and 
Mach numbers following the passage minimum section. No provision 
was made for exerting back pressure on the model. For ma■T^^Tmm 
efficiency, the normal shook must be located at the passage miniTmim 
section by the exertion of back pressure; therefore, no basis for 
performance comparison exists in the recorded data. 

Hone of the Mach number distributions through the blade for 
which the contraction ratio was too great to allow supersonic flow 
entry Into the blade passage (flow spilled) differed essentially 
from figure 3(a). None of the distributions for which supersonic 
flow did enter showed appreciable variation from figure 3(b) 

(flow unspilled). The Mach number distribution In figure 3(a) 
Indicates a strong bow wave around the lower blade, probably 
forming a normal shook over the passage. Supersonic flow Is seen 
to exist throughout the model In figure 3(b) with the same setting. 
The blade thickness of this model is reduced to 0.060 Inch, however, 
reducing the contract Ion, ratio to a value less than the critical 
computed from the proposed contraction-ratio expression. 
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The distributions could be altered from, spilled to unsplUed 
flow or vice versa by tilting the model In such a manner as to give 
an obllq.ue shook or eapanslon wave at the leading edge of sufficient 
strength to lower or raise the entrance Mach number fron the crltloeil 
value. This phenctnenon Illustrates the necessl’t^' for alining the 
model at the design angle to the flow direction. 

The distribution through a model whose contraction ratio was 
too great to allow stqpersonlo flow entry at the flree-stream Mach 
number Mq Is shown In figure 4(a). The models however^ was 
tilted in the counter clockwise direction mtil expansion waves off 
the leeiding edge raised M^ above the critical value. Bigure 4(b) 
shows the distribution throiigh a model that permitted supersonic 
entry at the design setting, but tiiat was caused to spill by 
rotating It in the clockwise direction until the leeiding-edge oblique 
shock lowered below the critical value. 

The difference between the defined in reference 3 

((^ « 1.092) and that defined herein (C^ » 1.026) for ccotparable 

blades lies in idle consideration herein of the blade curvature 
A (90° - cp) between the entrance and tiie TnlniTtnim section. This 
consideration premises some flexibility In choosing a practiced, 
blade thickness for relatively low supersonic Msich numbers. All 
or part of the total blade turning A(90° - q>) may be Included 
upstream of the blade-passage mlnlmiTm section. The area expansion 
due to turning may thus be utilized to a limited extent to Increase 
the may i mum allowable blade thickness. Although contraction-ratio 
z^ulrements must be met, fulfillment does not gimtrantee that super- 
sonic flow will enter the passage. All changes In the entrance- 
region- surface slope (before the minimum section) in the direction 
causing compressions must still be less than the Pranltl-Msyer 
eipanslon angle that would be req.uired to raise the flow Mach 
number from. 1.00 to the local Mach number. Failure to observe 
this restriction results in local subsonic roglons that result in 
either a strong obliq.ue or normal shook outside the passage. The 
oharacterlstlo dlsturbeuaces throug^ut the passage entrance must 
generally be plotted to Insure that the 6bllq.tie-shock reflections 
do not intersect to form local subsonic regions anfl subseg.uently 
cause spill. 
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SUMMAHY OF RESULTS 

Results of an ansLysis to determine the limiting contraction 
ratio in conjunction with a supersonlc-oompresscxr investigation 
indicated that the limiting contraction ratio may he closely 
approximated by an analytical expression involving the blade gap, 
the entrance flow angle, the flow angle at the blade maxlmum- 
thlcknesa point, the nunber of blades, and the maximum blade 
thickness. The analysis further indicated that with proper 
regELTd for allowable stream turning Inside the passage for a 
given Mach number, the turning before the minimum section may be 
utilized to lower the contraction ratio and consequently Increase 
the allowable blade thickness. Characteristic lines should be 
constructed throughout the blade ^ssage to make certain that the 
desired two-dimensional flow Is obtained. 

An experimental Investigation of a two-dimensional model of 
a supersonlo-ccmpressor-blade cascade verified the analysis by 
allowing supersonic entry at the ccanputed limiting contraction 
ratio. 


Eli^t Propulsion Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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(a) Model with spilled flow at design angle with M, 

Mcr= 1.662; Mq = 1-36. 



(b) Model with unspiiled flow at design angle with Mo=» Mrr- Cn=- 1.051: 

Mcr= 1.340; Mq = 1.38. o cr k 

Figure 3. - Comparison of Mach nuniber distribution at design flow angle 
through supersonic-cascade model with unspiiled and spilled flow. All 
Mach numbers based on upstream total pressure. 






14 


NACA RM NO. E7L23 



(a) Model rotated in direction giving expansion wave around leading 
edge of upper blade, effectively raising entrance Mach number so that 
Mq (effective):- Mcr- Cr = 1.077; Mcr = i-44; Mq = 1.356. 



(b) Model rotated in direction 9 iving oblique shock off leading edge 
of upper blade lowering effective entrance Mach number M- below Mcr- 
Cr= 1.051; Mcr= 1-340; Mq= i. 350. 


Figure 4. - Comparison of Mach number distribution through two super- 
sonic-cascade models rotated from design angle. Alt Mach numbers 
based on upstream total pressure. 
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